Editorial Comment
Cardiopulmonary Interactions During CPR Peter D. Wagner, MD T he report by Tang et all in this issue of Circulation, comparing the pulmonary gas exchange consequences of giving epinephrine or methoxamine to rats being resuscitated from ventricular fibrillation, raises interesting questions about cardiopulmonary interactions and interpretation of gas exchange parameters. Their principal findings were that during resuscitation and compared with methoxamine, epinephrine led to: 1) greater difficulty in resuscitation, 2) hypoxemia, and 3) an increase in arterial Pco2 together with a fall in end-tidal Pco2. One assumes the rats had no lung disease before the study. Although we do not know
See p 2101 what happened to cardiac output, mixed venous (right atrial) P02 and Pco2 were not systematically altered by epinephrine. The authors reason that the deleterious effects of epinephrine (compared with methoxamine) are related to its /3-stimulant effects on the grounds that the pure a-agonist methoxamine produced no evident changes in gas exchange. The following issues are cause for discussion.
Inspired O°Concentration
The rats were ventilated throughout with 70% 02 (FIo2=0.7). Inspired Po2 warmed to body temperature and saturated with water vapor was thus approximately 500 mm Hg. Under such conditions, a normal lung devoid of significant shunt or ventilation/perfusion (VA/Q) mismatch would produce an arterial Po2 of 400-450 mm Hg. Baseline arterial Po2 in the rats was only 120-130 mm Hg, suggesting considerable intrapulmonary abnormality before induction of cardiac arrest. This conclusion is further supported by the data of Tables 1 and 2 
that show baseline arterial
Pco2 is =31 mm Hg whereas end-tidal Pco2, normally less than arterial, is greater at =38 mm Hg. The high end-tidal Pco2 values, assuming they do not reflect systematic measurement errors, indicate late-emptying lung units of much lower than average ventilation-blood flow ratio.
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The second point of relevance to the high FIO2 is that it will to some extent mask the deleterious effects of VA/Q inequality on arterial Po2. Thus, it is well known that on 100% 02, VA/Q mismatch is fully masked, so any failure of Pao2 to reach 600 mm Hg is due only to true shunt (i.e., VA/Q=0).
At 70% 02, the effect is not as absolute; some units of finite but very low VA/Q will fail to oxygenate fully and will thus contribute to hypoxemia.2 Thus, one cannot conclude that the fall in Pao2 from 130 to 74 mm Hg after epinephrine is due to true shunt increasing; it could be due to increased blood flow of very low VA/Q units (VAIQ=0.01 or less) or, of course, to a mixture of such units and true shunt. To test for an increase in true shunt, Fio2 would have to have been 1.0. On the other hand, units of low VA/Q (but greater than 0.01) could have appeared or increased in number with epinephrine, and this would not have been picked up in the Pao2 changes.
Thus, the deleterious effects of epinephrine on low VA/Q lung units could be greater than that reflected by the Pao2 changes reported.
Changes in Po2 Versus Changes in
Pco2 With Epinephrine Perhaps the most interesting result of giving epinephrine in this study is the major effect on PCO2. Although the fall in Pao2 from 130 to 74 mm Hg is numerically large, it takes place on the flat part of the 02 hemoglobin dissociation curve and causes only a 10% fall in arterial 02 saturation or content. In contrast, the rise in PaCo2 from 26 to 40 mm Hg ( Table 2 ) and simultaneous fall in end-tidal PCo2 from 10 to 5 mm Hg reflect a change in calculated lung dead space of 26% from =62% to =88% (if one uses end tidal as representing mixed expired [C02]; we are not given mixed expired values). Put differently, the arterial end-tidal PCO2 difference has doubled from 26-10= 16 to 40-5=35 mm Hg.
This represents a major perturbation of CO2 transport, one that is much larger than is the perturbation Of 02 transport when relative gas concentration changes are considered. What could alter CO2 exchange to a larger extent than 02 exchange? The causes of gas exchange abnormalities are well known: shunt, diffusion limitation, hypoventilation and VA/Q mismatch. It is well established that the degree of true shunt possibly present in these rats (35-40%, Figure 2 ) has minimal effect on arterial PCo2. 3, 4 Shunts have to reach monumental values of over 60% before significant CO2 retention is seen. There is no physiological basis for diffusion limitation for 02 or CO2 in any aspect of this study, and hypoventilation is ruled out because all rats were ventilated at fixed tidal volume and frequency and because end-tidal Pco2 actually fell with epinephrine. We are left with the only possibility being an increase in VA/Q mismatch. To explain the large changes in Pco2, especially in the context of smaller changes in [02], one must postulate the development of substantial amounts of lung with high VA/Q regions because it is such changes that preferentially affect CO2. 4 We therefore have a somewhat paradoxical scenario of modest increases in perfusion of low VA/Q areas and/or shunt based on 02 changes and large increases in high VA/O regions based on CO2 changes. The author proposes that [3-stimulation of pulmonary vessels resulted in stealing of blood from well-ventilated areas to increase perfusion of low VA/Q areas; however, the expected degree of resultant high VA/Q areas seems insufficient to explain the CO2 changes. Something else must have happened to explain the CO2 data. The relatively rapid and complete resolution of the CO2 effect (see Table 2 ) certainly suggests a temporary functional event rather than structural changes such as pulmonary embolism causing areas of high VA/Q ratio. The latter would be unexpected on a variety of clinical/physiological grounds in any event. The likeliest reason for the major changes in CO2 exchange caused by epinephrine in the current situation becomes a temporary reduction in cardiac output (together with the above-mentioned /3-stimulation-induced redistribution of blood flow). If cardiac output and hence pulmonary artery pressure fell, nondependent lung regions would have become hypoperfused, creating high VA/Q regions that would cause CO2 retention and produce the observed effect on CO2. This additional hypothesis may also explain the observation of greater difficulty in cardioversion noted by the authors.
Can Gas Exchange Consequences of Epinephrine
Explain the Difficulty in Cardioversion? Hypoxia is likely to interfere with resuscitation for obvious reasons, but the lowest arterial Po2 was 74 mm Hg, commanding an arterial 02 saturation of 87%. This is not severe hypoxemia, although saturation is rather low and could exacerbate myocardial ischemia in a situation in which coronary blood flow was limited. However, coronary blood flow measurements were beyond the scope of the current study, therefore this idea cannot be addressed. While hypoxemia per se and the above-mentioned possible reduction in blood flow could be contributing factors, C02related effects could also be relevant here. First, the high Pco2 will reduce pH (as Table 2 shows), and acidosis makes cardioversion more difficult. Second, the hypercapnia and acidosis shift the 02 hemoglobin dissociation curve rightward, reducing saturation for a given P02. The rat has a high P50 (normally 38 mm Hg5). Calculated arterial saturation values would be as follows: pre-epinephrine, Pao2=130, Pc02=36, Sao2=97%; postepinephrine, Pao2=74, Paco2=40, Sao2=87%. Consequently, although the acidosis is mild compared with methoxamine (arterial pH=7.22 versus 7.28), and although arterial saturation is only moderately reduced (87% after epinephrine versus 98% after methoxamine), these two factors combined with a hypothesized reduction in cardiac output and coronary blood flow could together provide a basis for the relative difficulty in resuscitation of the heart after epinephrine. One also wonders whether in humans with a lower P50 and thus high arterial 02 saturation the effects of epinephrine would be less problematic.
Summary
Epinephrine appears to have several significant deleterious effects on ventilation/perfusion matching and gas exchange that may negatively influence the ability to resuscitate the heart after ventricular fibrillation. In addition, the data presented suggest a reduction in cardiac output and possibly coronary blood flow that could interfere with resuscitation and that would seem worth documenting in future studies.
